INTRODUCTION {#SEC1}
============

The vital role of the ribosome in protein synthesis and its low mutational propensity due to the redundancy of ribosomal RNA (rRNA) genes in bacterial genomes make it an ideal target for antimicrobials. Indeed, a large number of clinically useful antibiotics, most of which are of natural origin, target the ribosome. They usually inhibit protein synthesis by binding to one of the functional sites in the ribosome ([@B1]). The knowledge of the atomic structure of the ribosome ([@B2]), and of an array of ribosome--antibiotic complexes ([@B3]--[@B13]), allows the rational design of new inhibitors that are highly active against bacterial pathogens. However, the rise of resistant bacteria represents a daunting challenge that has not been met yet with a corresponding development of effective new antibiotics. This serious public health concern has revived interest in the discovery and development of new therapeutics, especially those targeting Gram-negative microorganisms.

The sources of most of the naturally produced small-molecule antibiotics now in use are primarily bacteria and fungi. However, antimicrobial peptides (AMP) are produced as an innate immune response by many multicellular organisms ([@B14]--[@B16]). Proline-rich antimicrobial peptides (PrAMPs), which were among the first AMPs to be discovered, were identified in the late 1980s independently in honeybees ([@B17]) and cattle ([@B18]). PrAMPs, with motifs enriched in proline and arginine residues arranged in recurring patterns ([@B19]), have thus evolved in both vertebrates and invertebrates.

Unlike most other AMPs which act on bacterial membranes ([@B20]), the majority of eukaryotic PrAMPs are actively transported across the bacterial membrane into the cytoplasm by specialized transporters such as SbmA in Gram-negative bacteria ([@B21]). The first intracellular AMP target identified was the heat-shock protein DnaK ([@B22],[@B23]). However, the findings that a DnaK null mutant retained susceptibility to PrAMPs suggested that they have other targets ([@B24]). It was recently reported that the PrAMPs oncocin and apidaecin preferentially target and inhibit the bacterial ribosome ([@B25]), and structures of oncocin bound to the 70S ribosome were also reported ([@B26],[@B27]). These structures revealed that oncocin inhibits protein synthesis at the initiation stage by binding in the peptide exit tunnel in such a way as to interfere with the binding of the aminoacyl-tRNA in the A site ([@B26],[@B27]).

The bovine peptide bactenecin 7 (Bac7) is the most studied mammalian PrAMP and it belongs to the cathelicidin family of innate immune effectors, which are defined by a conserved, cathelin-like proline-region followed by a highly variable C-terminal domain ([@B28]). Bac7 is a 60-residue peptide that is derived from a protein precursor ([@B29]). Previous studies showed that Bac7, and its C-terminal truncated form, Bac7~1--35~, have a potent activity against many Gram-negative bacteria ([@B30]--[@B32]). Similar to oncocin, Bac7 was shown to bind to chaperone DnaK ([@B33]), but more recently, Bac7~1--35~ was reported to bind bacterial ribosomal proteins and to inhibit protein synthesis ([@B34]). Other PrAMPs like Pyrrhocoricin, isolated from the insect *Pyrrocoris apterus* ([@B35]), and Metalnikowin, isolated from *Palomena prasina* ([@B36]) show similar antimicrobial properties ([@B37],[@B38]). Pyrrhocoricin and Metalnikowin, even though isolated from different sources, are ∼70% conserved with oncocin in sequence, suggesting that they may also target the bacterial ribosome.

We report here the crystal structures of Bac7~1--35~, Pyrrhocoricin, Metalnikowin and two oncocin derivatives bound to the *Thermus thermophilus* 70S ribosome at 2.7--3.0 Å resolution (Table [1](#tbl1){ref-type="table"} and Supplementary Table S1). The binding mode of Bac7~1--35~ in the ribosome peptide exit tunnel is reminiscent to that of oncocin previously reported ([@B26],[@B27]), with its N-terminal residues overlapping with the binding site for the CCA-end of A-site tRNA in the peptidyl transferase center (PTC). We observe 19 amino acid residues of Bac7~1--35~ extending by more than 45 Å along the exit tunnel down to the constriction formed by the apical loops of ribosomal proteins uL4 and uL22. Foot-printing experiments confirm that the binding mode observed in the crystalline complex resembles the interaction between Bac7~1--35~ and the ribosome in solution. Using a toe-printing assay, we also show that Bac7~1--35~ and several other PrAMPs block the ribosome at the initiation codon, thereby preventing subsequent transitioning into the elongation phase of protein synthesis. We compare the Bac7~1--35~-ribosome structure with a series of 70S-ribosome structures in complex with other PrAMPs, and delineate the molecular determinants of PrAMPs that are responsible for ribosome binding and thus for their antibiotic activity. We show that mutations of rRNA residues in the vicinity of the PrAMP binding site confer resistance to oncocin, revealing the ribosome as the key cellular target for this and likely other PrAMPs. This study reveals a common binding mode and mechanism of action of PrAMPs on the ribosome and thus provides a basis for designing improved antibacterial compounds that target the ribosome.

###### Sequence alignment of selected PrAMPs

  ---------------------
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  ---------------------

MATERIALS AND METHODS {#SEC2}
=====================

mRNA and tRNA {#SEC2-1}
-------------

The mRNA with a Shine-Dalgarno sequence and an initiation codon in the P site was synthesized by integrated DNA technologies (Coralville, IA) with the sequence 5′ GGC AAG GAG GUA AAA AUG UUC UAA 3′. The fMet-tRNA^fMet^ was prepared as previously described ([@B39]). All peptides used in this study were chemically synthesized by GenScript USA (Piscataway, NJ, USA).

Complex formation and crystallization {#SEC2-2}
-------------------------------------

The 70S ribosomes from *T. thermophilus* HB8 or its mutant strain in which ribosomal protein uL9 is truncated (70S:L9~1--58~) ([@B40],[@B41]) were prepared and crystallized as previously described ([@B40],[@B42],[@B43]). Essentially, 4 μM ribosomes were incubated with 8 μM mRNA and fMet-tRNA^fMet^ in a buffer containing 5 mM Hepes-KOH, pH 7.5, 50 mM KCl, 10 mM NH~4~Cl, 10 mM Mg(CH~3~COO)~2~ and 6 mM β-mercaptoethanol at 55°C for 5 min. The complex was further incubated at room temperature for 15 min in the presence of either 50 μM Bac7~1--35~, Metalnikowin, Onc10wt, OncΔ15--19, Pyrrhocoricin or OncΔVD. We obtained the structure of Bac7~1--35~ bound to both 70S:L9~1--58~ and 70S wild-type ribosomes. With the 70S:L9~1--58~ ribosomes, the complex was prepared as previously described in the presence of 5 μM elongation factor G (EF-G) fused to ribosomal protein uL9 ([@B40]) and 50 μM Bac7~1--35~. Crystals were grown in sitting-drop trays in which 3 μl of ribosome complex was mixed with 3.5--4.5 μl reservoir solution containing 0.1 M Tris--HCl, pH 7.3 -- 7.6, 2.6 -- 2.9% (w/v) PEG 20000, 9--10% (v/v) 2-methyl-2,4-pentanediol, 0.15 M L-arginine and 0.5 mM β-mercaptoethanol and incubated at 19°C. Crystals were cryoprotected by gradually increasing the concentration of 2-methyl-2,4-pentanediol while all other buffer components were held constant, except that each stabilization step also contained 100 μM of peptide. The crystals were left to equilibrate overnight at 19°C and were frozen at 80K in a nitrogen stream before being plunged in liquid nitrogen.

X-ray data collection and structure refinement {#SEC2-3}
----------------------------------------------

X-ray diffraction data were collected at beamline 24ID-C at the Advanced Photon Source at Argonne National Laboratory (Argonne, IL, USA). The collected data were processed using the XDS software package ([@B44]), and we used PHASER from the CCP4 suite ([@B45]) to determine the initial solution for the structure by molecular replacement. The search model used was generated from the previously published high-resolution structure of the *T. thermophilus* 70S ribosome \[PDB 1VY4 ([@B46])\] with all its ligands removed. Structures were refined with two 70S ribosomes in the asymmetric unit by rigid-body refinement, and then by five cycles of position and B-factor refinement with the PHENIX package ([@B47]). The P-site tRNA, mRNA and the peptide bound in the ribosome peptide exit tunnel were built into the *F*~obs~--*F*~calc~ difference Fourier electron density map using COOT ([@B48]), and the models were further refined with PHENIX ([@B47]). The final refinement statistics are provided in Supplementary Table S1.

Toe-printing analysis {#SEC2-4}
---------------------

Toe-printing analysis was performed using the RST2 template ([@B49]) as previously described ([@B50]). Cell free translation reactions, carried out in the PURExpress *in vitro* protein synthesis system (New England Biolabs, Ipswich, MA, USA) were supplemented with 50 μM thiostrepton or 100 μM of peptides which were added in water and samples (5 μl volume) were incubated for 15 min at 37°C prior to the primer extension phase of the procedure. The control reaction had no inhibitor. Primer extension was carried out for 15 min, after which the samples were processed as described ([@B50]).

Foot-printing experiments {#SEC2-5}
-------------------------

*Escherichia coli* ribosomes were prepared as described ([@B51]). The wild-type *T. thermophilus* ribosomes used in crystallization experiments were also used in foot-printing experiments. Ribosomes (0.2 μM) were pre-incubated with 100 μM of Bac7~1--35~ or Onc112 and then modified with dimethylsulfate (DMS) or *N*-cyclohexyl-*N′*-(2-morpholinoethyl) carbodiimide methyl-*p*-toluenesulfonate (CMCT) as described ([@B52]). rRNA was extracted and distribution of base modifications was analyzed by primer extension.

Determination of PrAMP\'s minimal inhibitory concentrations (MIC) {#SEC2-6}
-----------------------------------------------------------------

Minimal inhibitory concentrations (MIC) of PrAMPs were tested for *E. coli* strains SQ110 which contains a single *rrn* allele or its derivatives with a mutation in the *lptD* gene (SQ110 LPTD) or knock-out of the *tolC* gene (SQ110 DTC) ([@B53]). The A2503C and A2059G mutants were previously selected for their resistance to chloramphenicol or erythromycin, respectively ([@B53]). The A2503C/A2059G double mutant was selected by plating the A2503C mutant on the plate with the macrolide antibiotic solithromycin. For the MIC determination, cells were exponentially grown in the LB medium, diluted to A~650~ of 0.005 and placed in the wells of a 96-well plate. PrAMPs were added in the LB medium to the highest final concentration of 25 μM in one column of wells. After 2-fold serial dilutions, the plate was incubated overnight at 37°C with shaking and cell growth was analyzed by addition of the alamarBlue dye. When MIC was tested with the SQ110 DTC mutants, the highest concentration of Onc112 and Bac7~1--35~ was 100 μM.

RESULTS AND DISCUSSION {#SEC3}
======================

Characterization of PrAMPs {#SEC3-1}
--------------------------

The AMP Bac7~1--35~ and a series of PrAMPs (Table [1](#tbl1){ref-type="table"}) were chemically synthesized and used to elucidate the determinants required for their ribosome binding and antimicrobial activity. They were tested for their inhibitory activity against the SQ110 LPTD strain of *E. coli*, which is defective in outer membrane structure (Table [2](#tbl2){ref-type="table"}) ([@B53]). All peptides, except OncΔVD and Metalnikowin, show detectable activity with MIC ranging between 0.75 and 25 μM, which agrees well with previous data ([@B37],[@B54],[@B55]). It is noteworthy that the activity of the peptides against the parental SQ110 strain was reduced in most cases (Table [2](#tbl2){ref-type="table"}), indicating that crossing the outer membrane of Gram-negative bacteria presents a challenge for PrAMPs. As the cellular growth inhibitory activity of PrAMPs depends both on their ability to cross the cell membrane ([@B21]) and their stabilities, their inhibitory effect on protein synthesis was also assessed *in vitro* using a toe-printing assay (Figure [1A](#F1){ref-type="fig"}). While most peptides inhibited the initiation stage of protein synthesis and arrested the ribosome at the initiator codon, as previously reported for Onc112 (26), the deletion peptide OncΔVD was inactive.

![Toe-printing (**A**) and foot-printing (**B**) experiments reveal the mode of action and verify PrAMP binding mode in solution. (A) The 20-codon synthetic RST2 ORF containing codons for all 20 amino acids ([@B49]) was translated in the PURExpress cell-free transcription-translation system by *Escherichia coli* ribosomes in the presence of 100 μM of PrAMPs or 50 μM of the control antibiotic thiostrepton (Ths), and the position of the stalled ribosome was determined by primer extension. U- and A- specific reactions were used as a sequencing ladder. The toeprint band (marked by an arrow in the gel and in the sequence of the gene), which occurs at position +16 counting from the first nucleotide of the codon in the ribosomal P site, places the arrested ribosome at the initiator codon (boxed on the RST2 sequence on the left from the gel). (B) Foot-printing analysis of interaction of Bac7~1--35~ and Onc112 with the *E. coli* ribosome in solution. Ribosomes were pre-incubated with no PrAMP ('none') or 50 μM of Bac7~1--35~ or Onc112 and subjected to modification with CMCT or DMS. Control sample remained unmodified. Some of the lanes in gels shown in A and B, which contained samples irrelevant to the current study, have been computationally removed.](gkw018fig1){#F1}

###### Minimal inhibitory concentration (MIC) values for selected PrAMPs against *E. coli* strains

  Peptide         SQ110 (LPTD) (μM)   SQ110 (μM)
  --------------- ------------------- ------------
  Bac7~1--35~     0.75                1.5
  Onc112          0.75                12.5
  Pyrrhocoricin   4                   \>25
  Metalnikowin    62.5                \>25
  OncΔ15--19      25                  \>25
  OncΔVD          62.5                \>25
  Onc10wt         1                   25

The SQ110 LPTD strain is defective in the lipopolysaccharide assembly of the outer membrane and is more sensitive to some antibiotics ([@B53]).

Structure determination of PrAMPs bound to the ribosome {#SEC3-2}
-------------------------------------------------------

To further elucidate the ribosome binding mode of all the peptides studied, each was co-crystallized with the *T. thermophilus* 70S ribosome bound to mRNA and initiator tRNA (Supplementary Table S1). The resulting 70S-complex structures were determined by the molecular replacement method using a high-resolution model of the vacant 70S ribosome ([@B46]). The difference Fourier maps calculated at 2.7--3.0 Å resolution using initially phased diffraction data showed clear unbiased electron density for the mRNA, tRNA^fMet^ in the P site and the AMP located inside the peptide exit tunnel of the 50S subunit (Figure [2A](#F2){ref-type="fig"} Supplementary Figure S1). The absence of electron density for OncΔVD in the ribosome peptide exit tunnel (data not shown) is consistent with the toe-printing experiments (Figure [1A](#F1){ref-type="fig"}).

![The structure of PrAMPs in their ribosome-bound conformation. (**A**) Structure of Bac7~1--35~ bound inside the peptide exit tunnel of the ribosome. The difference Fourier map calculated at 3.0 Å resolution using initially phased diffraction data (*F*~obs~--*F*~calc~, green) contoured at ∼3*σ* shows clear unbiased electron density for 19 residues of Bac7~1--35~. The 23S rRNA A-loop and ribosomal proteins uL4 and uL22 are shown. (**B**) The superposition of all PrAMPs bound to the ribosome reveals that the common core (middle) region overlaps almost perfectly. Bac7~1--35~ is colored brown, Onc112 is green \[PDB ID:4Z8C ([@B27])\], Metalnikowin is cyan, Onc10wt is slate, OncΔ15--19 is magenta and Pyrrhocoricin is red.](gkw018fig2){#F2}

The interactions of the N-terminus of PrAMPs with the 23S rRNA are not conserved, but are crucial for ribosome binding {#SEC3-3}
----------------------------------------------------------------------------------------------------------------------

Nineteen residues of the Bac7~1--35~ peptide~­~, spanning more than 45 Å from the CCA-binding site of the aminoacyl-tRNA in the A site to the constriction of the peptide exit tunnel in the upper chamber, could be unambiguously fitted into the unbiased electron density of the difference Fourier map for the complex (Figure [2A](#F2){ref-type="fig"}). Compared to Onc112 ([@B26],[@B27]), the N-terminal region of Bac7~1--35~ extends further into the A site of the 50S subunit (Figure [3A](#F3){ref-type="fig"}), and would collide with the acceptor-stem of a tRNA bound in the A site if there were one (Figure [3B](#F3){ref-type="fig"}). The many interactions of this extended region of Bac7~1--35~ with the 23S rRNA stabilize the peptide inside the PTC, and may also be essential for the entry of Bac7~1--35~ into the peptide exit tunnel. Indeed, the antimicrobial activity of deletion variants of Bac7~1--35~ is known to require the integrity of the first 16 residues of the highly cationic N-terminus, which is also known to be required for its activity against Gram-negative bacteria ([@B32],[@B56]). In addition, it has been proposed that the loss of activity for the deletion variants of Bac7~1--35~ is due to impaired interaction with the intra-cellular target, because the peptides remained cell-permeable ([@B56]).

![Conformation of the N-terminal region of PrAMPs in the ribosome. (**A**) The N-terminal of Bac7~1--35~ (brown) extends further than Onc112 (green) \[PDB ID: 4Z8C ([@B27])\] into the A site of the 50S subunit, establishing interactions with H89 of 23S rRNA. (**B**) The N-terminal of Bac7~1--35~ is not compatible with the presence of the CCA-end of an A-site tRNA (light blue) \[PDB ID: 4Y4P ([@B69])\]. (**C**) The Asp2 residue at the N-termini of PrAMPs Pyrrhocoricin, Metalnikowin, Onc10wt, OncΔ15--19 and Onc112 \[PDB ID: 4Z8C ([@B27])\] interact with the Watson--Crick edge of nucleotide G2553 in the 23S rRNA A-loop.](gkw018fig3){#F3}

The structure of Bac7~1--35~ bound to the ribosome reveals that the N-terminal region of Bac7~1--35~ makes several interactions with Helix 92 (H92), which forms the A-loop of the 23S rRNA, and Helix 89 (H89), which is part of the PTC (Figure [4](#F4){ref-type="fig"}). The epsilon nitrogen atom of residue Arg1 is within hydrogen bonding distance to the O2 atom of nucleotide U2555 and the O4′ atom of nucleotide C2556, both in H92 (Figure [4A](#F4){ref-type="fig"}) (*E. coli* nucleotide numbers are used throughout the text). Residues Arg2, Arg4 and Arg6 all make interactions with the sugar-phosphate backbone of H89 (Figure [4B](#F4){ref-type="fig"}-[D](#F4){ref-type="fig"}). Finally, residue Arg2 makes a π-stacking interaction with the nucleotide base of C2573 and with Arg6, which in turn stacks on Arg4 (Figure [4E](#F4){ref-type="fig"}). Compared to other PrAMPs studied here and previously ([@B26],[@B27]), the N-terminal region of Bac7~1--35~ extends further by more than 6 Å toward H89 of 23S rRNA into the A site of the 50S subunit (Figure [3A](#F3){ref-type="fig"}), which may provide a clue about why this segment of the peptide is important for the antimicrobial activity of Bac7~1--35~. The sugar-phosphate backbone of H89 has been proposed to be involved in the tRNA accommodation by mediating the first binding interactions of the aminoacyl-tRNA with the ribosome ([@B57]). By interacting closely with H89 and hindering the path to the PTC for the acceptor-stem of the aminoacyl-tRNA, the N-terminal region of Bac7~1--35~ may be more efficient at inhibiting translation initiation than Onc112 (Table [2](#tbl2){ref-type="table"}). Each arginine residue of the \'RRIR\' motif in Bac7~1--35~ participates in dual interactions involving the epsilon nitrogen and the amino group (Figure [4](#F4){ref-type="fig"}). These interactions would not be possible if arginines were substituted by lysines or other residues, thereby providing a structural basis for their high conservation in Bac7~1--35~, bactenecin 5 (Bac5) and PR-39 ([@B18],[@B58]). This argument is supported by previous data reporting an appreciable loss of activity for Bac7~1--35~ N-terminal variants in which Arg1 and Arg2 residues were substituted by lysine ([@B59]). Similarly, it has been shown that arginine residues at the N-terminus of a PR-39 variant and of Bac5 are important for the antimicrobial activity of those PrAMPs ([@B60],[@B61]).

![Interactions of the N-terminal (**A**--**E**) and the core (middle) (**F**) regions of Bac7~1--35~ with the ribosome. Residues Arg1 (A), Arg2 (B), Arg4 (C) and Arg6 (D) establish multiple interactions with nucleotides in H89 and H92 of 23S rRNA. Each arginine residue of the N-terminal \'RRIR\' motif in Bac7~1--35~ participates in dual interactions involving the epsilon nitrogen and the amino group. (E) Four-layer π-stacking interaction formed between residues Arg2, Arg6, Arg4 and nucleotide C2573. (F) Residue Arg9 of the core region in Bac7~1--35~ stacks with the conserved base pair formed between nucleotides C2452 and U2504 of the A-site cleft and also forms a hydrogen bond with G2061. The Leu10 residue stacks with residue Arg9.](gkw018fig4){#F4}

To investigate the role of the N-terminal region in other PrAMPs, we tested an N-terminally truncated version of oncocin, OncΔVD, which lacks the first two residues (Table [1](#tbl1){ref-type="table"}). This mutant exhibited a MIC value 80-fold higher than that of Onc112 (Table [2](#tbl2){ref-type="table"}). Moreover, the toe-printing assay shows that OncΔVD did not block the ribosome at the initiation codon and allows translation to continue through the entire gene (Figure [1A](#F1){ref-type="fig"}), indicating that the mutant peptide does not inhibit the ribosome function at the concentration tested (see 'Materials and Methods' section). This observation correlates with our inability to observe electron density for OncΔVD in the ribosome complex (data not shown). Thus, our data provide a structural explanation for the importance of the N-terminal domain in PrAMPs for ribosome binding.

Despite the high conservation of the A-site cavity in the PTC, the structures obtained for Bac7~1--35~ and the other PrAMPs bound to the ribosome show that their N-terminal parts interact with the ribosome in different manners. Most of them form an interaction between the Asp2 residue and the Watson--Crick edge of nucleotide G2553 of the 23S rRNA A-loop as previously observed in the Onc112--ribosome complex (Figure [3C](#F3){ref-type="fig"}) ([@B26],[@B27]). In contrast, the N-terminal region of Bac7~1--35~ is displaced toward H89 by more than 6 Å (Figure [3A](#F3){ref-type="fig"}), thereby positioning the carbonyl oxygen of Pro5 and the N6 atom of A2602, a universally conserved nucleotide in the PTC, within hydrogen bonding distance (Figure [4C](#F4){ref-type="fig"}).

The core region of PrAMPs uses a common ribosome binding mode {#SEC3-4}
-------------------------------------------------------------

The superposition of the 50S subunits of ribosome--PrAMP complexes shows a similar peptide binding mode in their core regions. Residues 6 to 13 of Bac7~1--35~ overlap perfectly with the corresponding region in other PrAMPs bound to the ribosome (Figure [2B](#F2){ref-type="fig"}). This segment in all peptides interacts with conserved nucleotides of the peptide exit tunnel, such as U2585 and U2506 (Figures [1B](#F1){ref-type="fig"}, [4F](#F4){ref-type="fig"} and Supplementary Figure S2), two nucleotides known to change their conformation in response to substrates binding into the PTC and the exit tunnel ([@B62],[@B63]). This region of the ribosome is also known to bind several antibiotics like chloramphenicol ([@B12]), homoharingtonine ([@B6],[@B13]) and hygromycin A ([@B11]). Sequence alignment of the peptides studied here shows that the core region consists of multiple proline-arginine repeats (underlined in Table [1](#tbl1){ref-type="table"}). The tyrosine-leucine (YL) motif, which is surrounded by the proline-arginine repeats, is generally conserved but appears to accommodate variations. The sequence alignment shows that the tyrosine residue can be substituted by arginine (Table [1](#tbl1){ref-type="table"}). In the 70S-ribosome--Bac7~1--35~ complex, the position occupied by Arg9 is the same as the one occupied by Tyr6 in the 70S--Onc112 complex (Figure [4F](#F4){ref-type="fig"} and Supplementary Figure S2A) ([@B26],[@B27]), which is also reminiscent of the position occupied by the phenylalanine residue attached to the A-site tRNA (Supplementary Figure S2B) ([@B46]). Correspondingly, both Arg9 (in Bac7~1--35~) and Tyr6 (in Onc112) residues form similar π-stacking interactions with the conserved base pair formed between nucleotides C2452 and U2504 of the A-site cleft (Figure [4F](#F4){ref-type="fig"}). The high sequence conservation of this region reflects the analogous interactions that occur with the nucleotides of the peptide exit tunnel in the ribosome. In Bac7~1--35~, the interaction of the Arg9 side chain with the A-site cleft of the PTC is stabilized by the Leu10 side chain that forms a stacking interaction with Arg9 (Figure [4F](#F4){ref-type="fig"}), as previously observed in the Onc112 complex ([@B27]). The crystal structures of all other PrAMPs show that this interaction is maintained and is mediated by a leucine residue, with the exception of peptide Metalnikowin where this residue is replaced by arginine (Table [1](#tbl1){ref-type="table"}) that nevertheless forms a similar π-stacking interaction with Tyr6 (Supplementary Figure S2C).

The variable C-terminal region of PrAMPs is flexible in the upper chamber of the peptide tunnel {#SEC3-5}
-----------------------------------------------------------------------------------------------

We did not detect any electron density in the difference Fourier map for residues 20 to 35 of Bac7~1--35~ probably due to their flexibility (Figure [2A](#F2){ref-type="fig"}). In the previously reported 70S--Onc112 structure, residues 14--19 of Onc112 were also not visible ([@B27]). In the structure of peptide Pyrrhocoricin bound to the ribosome, 17 residues out of 20 are visible, which allows us to visualize the path taken by the C-terminal region of Pyrrhocoricin (Figures [2B](#F2){ref-type="fig"} and [5D](#F5){ref-type="fig"} and Supplementary Figure S1A). The superposition of ribosomes bound to Bac7~1--35~ and Pyrrhocoricin reveals that the C-terminal region of those peptides diverge from residue 14 in Bac7~1--35~ (11 in Pyrrhocoricin), with the main chain peptide backbone laterally displaced by more than 5 Å along the constriction formed by the loops of ribosomal proteins uL4 and uL22 (Figure [5D](#F5){ref-type="fig"}). The high flexibility of this region in PrAMPs indicates that the interactions of the C-terminal region with the peptide exit tunnel of the ribosome---if any---contribute less to binding than the core and N-terminal segments. Consistent with this hypothesis, a C-terminal truncation of the Bac7~1--35~ peptide, giving Bac7~1--16~, has been reported to retain good antimicrobial activity ([@B32],[@B59]). However, deletion of Arg16, producing Bac7~1--15~, abolishes activity ([@B32],[@B56]). This effect is likely due to a loss of binding affinity to the ribosome because Bac7~1--15~ is still transported inside the cell ([@B56]). This agrees with our structure showing that Arg16 makes multiple interactions with the ribosome (Figure [5A](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). The side chain of Arg16 forms a π-stacking interaction with His69 of protein uL4 on one side, while on the other side Arg16 is within hydrogen bonding distance to atom N1 of nucleotide A2062 (Figure [5A](#F5){ref-type="fig"}). The interaction between Arg16 and protein uL4 seen in this ribosome--Bac7~1--35~ complex is substituted by Arg11 in the previous 70S--Onc112 complex structure ([@B27]), where it interacts with A2062 of the 23S rRNA (Figure [5B](#F5){ref-type="fig"}). Accordingly, a substitution of Arg11 in Onc112 to alanine decreases the binding affinity of oncocin to the ribosome by about 6-fold ([@B25]).

![Interactions of the C-terminal region of Bac7~1--35~ with the upper chamber of the peptide exit tunnel. (**A**) Residue Arg16 forms a π-stacking interaction with His69 of ribosomal protein uL4 and also makes multiple interactions with the ribosome. (**B**) The interactions mediated by residue Arg16 in Bac7~1--35~ (brown) are compensated by Arg11 in Onc112 (green) \[PDB 4Z8C ([@B27])\]. (**C**) Residue Arg14 stacks with nucleotide C2586 and the main chain peptide backbone of residues 17--19 forms a stacking interaction with nucleotides C790 across the tunnel, and with residue Arg90 of ribosomal protein uL22. (**D**) Lateral displacement of the C-terminus of Pyrrhocoricin (red) compared with Bac7~1--35~ (brown) by more than 5 Å along the constriction formed by the loops of proteins uL4 and uL22.](gkw018fig5){#F5}

To further explore the contribution of the PrAMP\'s C-terminal residues to ribosome binding and activity, we designed a truncated version of Onc112 in which the last five residues are removed (OncΔ15--19). Based on the sequence alignment of other selected PrAMPs with Bac7~1--35~ (Table [1](#tbl1){ref-type="table"}), such truncation should not inhibit its binding to the ribosome, and therefore its antimicrobial activity. As expected, we observed electron density inside the peptide tunnel for OncΔ15--19, indicating that removal of the last five residues does indeed not affect its binding to the ribosome. Correspondingly, this oncocin mutant preserves its inhibitory activity against the ribosome as it blocks the initiation step of protein synthesis (Table [2](#tbl2){ref-type="table"} and Figure [1A](#F1){ref-type="fig"}).

In the upper chamber of the peptide exit tunnel, nucleotide A2062 adopts the same conformation in both the 70S--Bac7~1--35~ and 70S--Onc112 complexes; however, while Arg11 of Onc112 interacts with A2062 (Figure [5B](#F5){ref-type="fig"}) ([@B27]), the corresponding Arg14 in Bac7~1--35~ forms an alternative stacking interaction with nucleotide C2586, not seen previously with Onc112 (Figure [5C](#F5){ref-type="fig"}). Residues 16 to 19 of Bac7~1--35~ pack along the side of the peptide exit tunnel wall formed by residues 69 and 70 of protein uL4. The main chain peptide backbone of residues 17--19 of Bac7~1--35~ is sandwiched between nucleotide C790 across the tunnel and residue Arg90 of protein uL22 (Figure [5C](#F5){ref-type="fig"}). The various interactions observed between the ribosome and the C-terminal region of PrAMPs may reflect the plasticity of the upper chamber of the ribosome exit tunnel in accommodating different nascent peptide chains during translation. This correlates with recent studies of macrolide antibiotics, which bind 50S ribosomal subunit in the exact same region, revealing that some nascent polypeptide chains can escape the inhibitory effect of the antibiotic in a sequence dependent manner ([@B64]).

Taken together, our results and the available data on truncated variants of Bac7~1--35~ suggest that the binding determinants for Bac7~1--35~ and other PrAMPs reside within the first 14--15 residues of the peptide, with the main contribution to ribosome binding being provided by the residues of the N-terminal and middle segments of the peptides.

While crystallographic studies can provide critical insights into the interactions of inhibitors with the ribosome in the crystalline state, the intrinsic dynamics of the ribosome in solution could hypothetically lead to alternative or additional binding modes. Therefore, in order to verify that the binding of Bac7~1--35~ and Onc112 inferred from the X-ray analysis adequately reflects interaction of PrAMPs with the ribosome in solution, we carried out foot-printing experiments, in which we identified rRNA nucleotides protected by PrAMPs from chemical modification in the *E. coli* or *T. thermophilus* ribosomes (Figure [1B](#F1){ref-type="fig"}, and Supplementary Figures S4 and S5). Consistent with our structural data (Figure [4F](#F4){ref-type="fig"} and Supplementary Figure S2A), we observed strong protection of U2506, U2585 and A2451 by both peptides in the ribosome from mesophylic and thermophilic bacteria. Interestingly, Bac7~1--35~ completely protected U2609 from modification with carbodiimide (CMCT), but Onc112 afforded only partial protection in the *E. coli* ribosome, indicating differences in PrAMPs binding to the upper chamber of the peptide exit tunnel. Correspondingly, Bac7~1--35~ provides increased accessibility of A2062 to DMS modification in *E. coli* over Onc112 (Figure [1B](#F1){ref-type="fig"}), which is in agreement with differences in interaction of Onc112 and Bac7~1--35~ with A2062 (Figure [5B](#F5){ref-type="fig"}).

Ribosomal mutations affect the activity of PrAMPs {#SEC3-6}
-------------------------------------------------

The primary intra-cellular target for PrAMPs has long been thought to be the chaperone DnaK because PrAMPs can bind to DnaK and inhibit its activity ([@B33],[@B38],[@B55],[@B65]). However, the sensitivity of an *E. coli* strain lacking DnaK to PrAMPs suggests another key target ([@B24]). The new data presented here highlight the importance of a different target for oncocins and Bac7~1--35~---the ribosome ([@B25]--[@B27],[@B34]). However, neither structural, nor biochemical data can distinguish between the primary target of antibiotic action, whose inhibition results in growth arrest, and a fortuitous binding. Therefore, in order to test whether the ribosome is indeed a target for PrAMPs in the bacterial cell, we tested whether rRNA mutations in the PrAMP binding site can render *E. coli* resistant to Bac7~1--35~ or Onc112. Guided by antibiotic binding studies ([@B66]), we used the previously selected resistant mutants with alterations at 23S rRNA residues A2503 and A2059 (Table [3](#tbl3){ref-type="table"}) ([@B53]). For Bac7~1--35~, the selected mutations did not provide any clear advantage over the wild-type strain, however the A2503C or A2059C mutations in the peptide exit tunnel increased resistance against Onc112 by about 4-fold. When present together in the A2503C/A2059G double mutant, the mutations increased *E. coli* resistance to Onc112 by more than 15-fold. Both of these residues interact with A2062 (Supplementary Figure S2) which in turn forms interactions with the peptide (Figure [5B](#F5){ref-type="fig"}). Because of the enhanced stacking between Onc112 and A2062 compared to Bac7~1--35~ (Figure [5B](#F5){ref-type="fig"}), any mutation which affects the position of A2062 is expected to have a greater effect on the binding of Onc112 than Bac7~1--35~. The results of mutational analysis suggest that the proper positioning of A2062 influences the activity of Onc112 and establish the ribosome as the immediate cellular target of Onc112 and likely other PrAMPs.

###### Ribosomal RNA mutations confer resistance to Onc112

  SQ110 DTC^a^      MIC \[μmol L^-1^\]   
  ----------------- -------------------- ------
  "wild-type\"^b^   0.75                 3
  2503C             0.75                 12.5
  2059C             0.75                 12.5
  2059C             0.75                 12.5
  2503C/2059G       0.75                 50

^a^The *E. coli* strain SQ110 DTC and its derivatives used in these experiments carry a single chromosomal *rrn* allele and lack the *tolC* transporter gene ([@B53]).

^b^The parental SQ110 DTC strain lacking rRNA mutations is designated "wild type\".

CONCLUSION {#SEC4}
==========

We have established the molecular determinants required for ribosome binding of several PrAMPs. Our data show that the variable N-terminal domain makes different types of interactions with the ribosome, providing a rationale for the observed sequence diversity of the N-terminal domain in PrAMPs. For all selected PrAMPs, the location occupied by their N-terminal region is sterically incompatible with the simultaneous binding of the aminoacyl-tRNA in the ribosomal A site, thereby interfering with the initiation step of protein synthesis. The conserved middle region of all PrAMPs presented here superposes surprisingly well and correspondingly forms homologous interactions with the peptide tunnel. This region of the peptide tunnel is known to be the binding site of several antibiotics, including chloramphenicol, homoharingtonine, hygromycin A and other antibiotics, and also to accommodate the amino acid attached to the aminoacyl-tRNA bound in the A site. The variable C-terminal region interacts with different elements of the ribosome and overlaps with the binding site of macrolide and streptogramin B antibiotics. All PrAMPs presented in this study, including Onc112 reported previously ([@B26],[@B27]), bind in the 'reverse' orientation inside the peptide exit tunnel of the ribosome. This mode of interaction appears to be required for the ribosome binding and protein synthesis inhibitory activity by these PrAMPs. It is noteworthy that all of these PrAMPs are derived through proteolysis of precursor polypeptides, which are synthesized on ribosomes ([@B15],[@B29]). Presumably, during the transit of precursor PrAMPs through the ribosome peptide exit tunnel, which occurs in the canonical direction, the polypeptides do not form specific contacts with the ribosome that would otherwise stall protein synthesis. This provides the cell with an elegant strategy of using its own protein synthesis machinery to synthesize ribosome-targeted AMPs.

The binding in the peptide exit tunnel by different PrAMPs and their common mechanism of action of protein synthesis inhibition afforded by interaction with multiple rRNA residues encompassing three antibiotic-binding sites indicates that it has been conserved throughout evolution, suggesting an efficient way to inactivate the bacterial ribosome. The common ribosome binding and mechanism of translation inhibition by the multiple PrAMPs reported here establishes a structural basis for the design of new and more effective antibiotics.

ACCESSION NUMBERS {#SEC5}
=================

The atomic coordinates and structure factors have been deposited in the Protein Data Bank (5HAU) for the *T. thermophilus* 70S ribosome in complex with Bac7~1--35~; (5HD1) for the *T. thermophilus* 70S ribosome in complex with Pyrrhocoricin; (5HCP) for the *T. thermophilus* 70S ribosome in complex with Metalnikowin; (5HCQ) for the *T. thermophilus* 70S ribosome in complex with OncΔ15--19; and (5HCR) for the *T. thermophilus* 70S ribosome in complex with Onc10wt.
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